Despite the fact that many nuclear receptors are ligand dependent, the existence of obligate regulatory ligands is debated for some receptors, including steroidogenic factor 1 (SF-1). Although fortuitously bound bacterial phospholipids were discovered in the structures of the SF-1 ligand-binding domain (LBD), these lipids might serve merely as structural ligands. Thus, we examined whether exogenously added phospholipids would exchange for these bacterial lipids and bind to SF-1. Here, we report the first crystal structure of the SF-1 LBD bound by the exchanged phosphatidylcholine. Although the bound phosphatidylcholine phospholipid mimics the conformation of bound bacterial phosphoplipids, two surface loops, L2-3 and L11-12, surrounding the entrance to the pocket vary significantly between different SF-1 LBD structures. Based on this observation, we hypothesized that a bound ligand might control the conformations of loops L2-3 and L11-12, and that conserved residues in these dynamic loops could influence ligand binding and the receptor function. Consistent with this hypothesis, impaired phospholipid exchange and diminished transcriptional activity were observed for loop L11-12 SF-1 mutants and for the loop L2-3 human mutant R255L. The endocrine disease associated with this L2-3 mutation coupled with our cellular and biochemical data suggest that critical residues at the mouth of the ligand-binding pocket have evolved for efficient binding of phospholipid ligands and for achieving optimal SF-1 activity. (Molecular Endocrinology 23: 25-34, 2009) 
Despite the fact that many nuclear receptors are ligand dependent, the existence of obligate regulatory ligands is debated for some receptors, including steroidogenic factor 1 (SF-1). Although fortuitously bound bacterial phospholipids were discovered in the structures of the SF-1 ligand-binding domain (LBD), these lipids might serve merely as structural ligands. Thus, we examined whether exogenously added phospholipids would exchange for these bacterial lipids and bind to SF-1. Here, we report the first crystal structure of the SF-1 LBD bound by the exchanged phosphatidylcholine. Although the bound phosphatidylcholine phospholipid mimics the conformation of bound bacterial phosphoplipids, two surface loops, L2-3 and L11-12, surrounding the entrance to the pocket vary significantly between different SF-1 LBD structures. Based on this observation, we hypothesized that a bound ligand might control the conformations of loops L2-3 and L11-12, and that conserved residues in these dynamic loops could influence ligand binding and the receptor function. Consistent with this hypothesis, impaired phospholipid exchange and diminished transcriptional activity were observed for loop L11-12 SF-1 mutants and for the loop L2-3 human mutant R255L. The endocrine disease associated with this L2-3 mutation coupled with our cellular and biochemical data suggest that critical residues at the mouth of the ligand-binding pocket have evolved for efficient binding of phospholipid ligands and for achieving optimal SF-1 activity. (Molecular Endocrinology 23: 25-34, 2009) S teroidogenic factor-1 (SF-1) is a member of the nuclear receptor (NR) subfamily NR5A. This transcription factor is critical for development of multiple endocrine organs and, as such, is required for reproduction, energy homeostasis, and for mounting a normal stress response. SF-1 also coordinately regulates a network of genes required for steroidogenesis and peptide hormone signaling and is important for male sexual differentiation (1) . In contrast to nuclear receptors that activate gene transcription after hormone binds, SF-1 activating hormones have not yet been identified. As found for other nuclear receptors, posttranslational modifications, including phosphorylation, acetylation, and sumoylation either enhance or diminish SF-1 activity (2) (3) (4) (5) .
Crystallographic studies on the mouse and human SF-1 ligand-binding domain (LBD) revealed different bacterial phospholipids including phosphatidylglycerol (PG), phosphatidylethanol (PE), or phosphatidylethanolamine fortuitously bound in its hormone-binding pocket (6 -8) . Similar results were reported for the close relative of SF-1, liver receptor homolog 1 (LRH-1) (7-10), except for mouse LRH-1, which appears to be stable in an apo state (11) . All SF-1 LBDs revealed a large ligand binding pocket of approximately 1300 Å (3) with the acyl chains of bound phospholipids fitting snugly into the hydrophobic cavity. The phosphate group in all ligands was found to be specifically coordinated at the entrance to the li-gand-binding pocket, with different ligand head groups exposed to the solvent. Protein-lipid overlay and liposome-mediated ligand exchange experiments showed that the structurally similar phosphatidylinositols, which are present in the nucleus (12, 13) , are also able to bind to the SF-1 LBD (14) . These results, coupled with the fact that phospholipid pools are dynamic and can be affected by extracellular signaling, suggested phosphatidylinositols as potential ligands for the NR5A receptors in vivo (14) . Other studies suggest that phosphatidic acid might function as an agonist of SF-1 (14) , whereas sphingolipids are proposed to antagonize the receptor activity (15, 16) . These combined data are provocative and raise the question as to whether one preferred phospholipid functions as the true ligand for SF-1 or whether preferential ligand uptake depends on relative levels of phospholipid species present in different subcellular pools or in specific cell types.
Aside from identifying the precise phospholipid ligand of SF-1 in different cells, the functional role of these bound phospholipids in regulating SF-1 activity remains unclear. For established ligand-dependent nuclear receptors, binding of ligand facilitates coregulator binding to either enhance or diminish transcription. Most known transcriptional coregulators bind to the AF-2 activation function site, a hydrophobic cleft on the surface of the receptor very near the buried bound hormone (17) . The proximity of the AF-2 region to the hormone pocket explains why specific characteristics of a bound ligand, including its size, shape, and charge, are expected to influence the receptor/coregulator association and its stability. For receptors such as SF-1, the structural determinants for ligand binding and the influence of different ligands on coactivator binding have yet to be established.
To probe how different ligands bound to SF-1 LBD might affect receptor activity, we surveyed a variety of nonbacterial phospholipids including phosphatidylcholine (PC) and phosphatidylinositol mono-, di-and triphosphates (PIP, PIP2, and PIP3) in ligand exchange studies. Data provided here show that the endogenous bacterial PG bound to SF-1 is readily replaced by nonbacterial phospholipids. In this work, we present the crystal structure of mouse (m)SF-1 bound by an exchanged phospholipid ligand (PC) and coregulatory peptide derived from the peroxisomal proliferator-activated receptor-␥ coactivator PGC-1␣. Analysis of this structure reveals the loops L2-3 and L11-12 surrounding the entrance to the SF-1 hormone-binding pocket to be dynamic. This observation, combined with biochemical and cellular data for SF-1 mutants affecting conserved L2-3 and L11-12 residues, suggests that specific configurations of these loops at the entrance to the hormone pocket might be essential for efficient uptake of phospholipids and for maximal SF-1 activity.
Results and Discussion

Preparation of SF-1 with different bound ligands
To determine whether exogenous nonbacterial phospholipids might exchange into the SF-1 hormone-binding pocket, liposome-mediated or solution-based ligand exchange experiments were used to exchange the bacterial PG for nonbacterial phospholipids, PC, PIP, PIP2, or PIP3, as described in Materials and Methods. After incubation of the PG-bound SF-1 LBD with liposomes, the protein was purified, and its ligand content confirmed by mass-spectrometry analysis. All tested lipids except for PIPs could substitute efficiently for the PG in SF-1 (Fig. 1, A and B, and data not shown). Furthermore, different phospholipid-bound species of SF-1 could be readily separated and purified due to the charge differences in the solvent-exposed ligand head groups (shown for PC-bound SF-1 in Fig. 1, A and B) .
To test whether the overall fold and conformational state of the LBD remained preserved, the relative affinities of SF-1 for two different coactivator peptides, steroid receptor coactivator 2 (SRC-2) and PGC-1␣, were determined before and after the ligand exchange. These experiments showed that the peptide binding by SF-1 LBD was not affected by the ligand exchange procedure, as shown for PC-bound SF-1 (Fig. 1, C and  D) . We also found that the PGC-1␣ peptide associates with the PG-and PC-bound form of the SF-1 LBD more tightly than the SRC-2 coactivator peptide (Fig. 1, C and D) , with the PC-bound SF-1 showing a significant difference in preference. These results differ for that observed with LRH-1, which showed a clear preference for SRC peptides (10) . Based on our peptide-binding data with SF-1, we chose to use the PGC-1␣ peptide to enhance stability of the ligand-exchanged SF-1 LBD in our crystallization experiments. To date, of all ligand-exchanged SF-1 species tested, only the PC-bound LBD complexed with PGC-1␣ peptide produced crystals suitable for high-resolution crystallographic analysis.
Structure of the PC-bound SF-1 LBD
The structure of the PC-bound receptor-peptide complex was determined using the molecular replacement method and refined to 2.2 Å with R free /R values of 25.0/22.1. Details on crystallization and structure determination are provided in Materials and Methods and summarized in Table 1 .
The structure of the PC-bound SF-1 ( Fig. 2A) adopts the general NR LBD fold consisting of 12 ␣-helices distributed in three layers and two short antiparallel ␤-strands forming a hairpin loop near the ligand-binding pocket of the receptor. Similar to previously determined structures of SF-1 and its close relative LRH-1, an extended helix H2 present in the PC-SF-1 structure provides an additional, fourth layer on the surface of the LBD that is absent in most NR structures. As observed previously for other NR5A structures, the PC-bound SF-1 LBD adopts an active conformation with its helix H12 positioned for coactivator binding. The coactivator PGC-1␣ peptide is bound in the coactivator groove of SF-1, forming an extended network of intermolecular interactions at the buried protein-peptide interface of about 1000 Å 2 ( Fig. 2B ), consistent with high affinity of the PGC-1␣ peptide for SF-1 observed in our binding assays (Fig. 1, C and D) .
The difference Fourier (Fo Ϫ Fc) map for the SF-1 protein model revealed well-defined continuous electron density for two differently shaped tails within the ligand-binding cavity, with a clear tetra- hedral-shaped density at the opening of the pocket and an extension of the density at the protein solvent boundary. The two acyl chains, the phosphate group, and the exposed head of the C16/C18 PC were unambiguously modeled in this electron density ( Fig. 3A) , consistent with results of mass spectrometry analysis that confirmed the presence of this ligand in the crystallized SF-1 protein. The phosphate group of the bound PC was found to be coordinated at the opening of the ligand-binding pocket, making contacts with conserved SF-1 residues G342 from helix H7 and Y437 and K441 from helix H11 (Fig. 3B ).
Comparative structural analysis of different SF-1 LBDs
The PC-bound SF-1/PGC-1␣ structure (orange) was superposed with all independently determined structures of the SF-1 LBD (Fig. 4A ). All these superposed SF-1 LBDs were bound by different peptides ͓PGC-1␣, short heterodimer partner (SHP), nuclear receptor coactivator (NcoA)2, transcriptional intermediary factor (TIF)-2͔ and ligands (PG, PE, PC; see legend to Fig.   4 for details). Specifically, the bound phospholipids in these six SF-1 structures differ by both the chemical structure of the exposed head groups (glycerol, ethanolamine, or choline) and the lengths of associated fatty acyl chains (the lengths of the acyl chains varied between C16/C16 and C16/C18). Despite these major differences, all six superposed SF-1 LBDs align very closely, displaying root mean square deviations of approximately 0.5 Å between the 220 analogous C␣ atoms of the described structures and the PC-bound SF-1. Whereas the major ␣-helices and ␤-strands superpose well for all SF-1 structures, two surface loops, L2-3 and L11-12, display noticeable conformational variations (Fig.  4A) . We analyzed the B values (atomic temperature factors) of these SF-1 structures and compared the mean B values for these two loops and the core LBD helices. This analysis showed that B values for residues from loops L2-3 and L11-12 are at least 2 times higher than those for the rest of the structure, revealing that these loops are dynamic and thus able to adopt multiple conformations. Data and discussion on the functional relevance of these loops are presented later.
Regardless of whether a corepressor (SHP) or coactivator (PGC-1␣, TIF2, or NCoA-2) peptide is bound, all six superposed SF-1 LBDs assume an active conformation. Indeed, 40 analogous C␣ atoms from helices H3, H4, and H12 that form the AF-2 site deviate only by experimental error of approximately 0.3 Å between the PC-bound SF-1 and the other five available SF-1 structures (Fig. 4B) , suggesting that the coactivator/corepressor binding site of the receptor is extremely stable. This structural feature likely underlies the constitutively active nature of SF-1 and suggests that the receptor-specific corepressors and coactivators might equally compete for binding to SF-1 with the net effect on transcriptional activity relying on the relative concentrations of these coregulators. Although the number of SF-1 structures bound to regulatory peptides is relatively small, one can analyze how specific contacts at the peptide-receptor interface might translate into the relative binding affinities of SF-1 for various peptides and corresponding coregulators. For instance, the presence of additional hydrophobic side chains of Leu141 and Leu147 that flank the 142-LXXLL-146 motif of PGC-1␣ (Fig. 2B ) might underlie the high affinity of PGC-1␣ peptide for the SF-1 LBD by enhancing hydrophobic interactions at the AF-2 site. Indeed, in other regulatory peptides, small polar or charged side chains of Ser, Thr, or Asp are present at the position equivalent to Leu147 of PGC-1␣ (Fig. 4B) . The intermolecular hydrophobic interactions at the AF-2 site of SF-1 are also aided by the electrostatic clamp formed by the receptor residues Arg282 and Glu455, which register the position and orientation of the bound PGC-1␣ peptide by forming hydrogen bonds with its main chain atoms (Fig. 2B) . 
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Comparing bound phospholipids
Closer examination of the positions and conformations of the bound ligands in the superposed SF-1 LBDs revealed remarkable similarities. Indeed, buried fatty chains of all ligands assume nearly identical configurations within the ligand-binding cavity, and the coordinated phosphate groups at the opening of the hormone-binding pocket are virtually superposable in all SF-1 structures (Fig. 5A) . Thus, whereas C16/C18 phospholipids fill the interior cavity of the hormone-binding pocket completely, their shorter analogs (C16/C16) pack less tightly, leaving part of the pocket unoccupied. Because of the similar conformations of the buried phospholipid acyl chains and their tight interpacking contacts, there are few differences in the positions of the amino acid side chains forming the interior of the hormone-binding cavity in different SF-1 structures. In the PC-SF-1 structure, the most noticeable deviations are observed for side chains of Cys267, which assumes a noncharacteristic position because of the chemical modification by cacodylate that was present in crystallization buffer, and the neighboring Phe263, which shifts to accommodate bulky cacodylate (both residues are shown in magenta, Fig. 5A ). In contrast to the buried regions, the solvent exposed head groups in the observed phospholipids vary significantly in different SF-1 structures (Fig. 5A) .
Based on these observations, we hypothesize that the buried part of the bound phospholipids, including the specifically coordinated phosphate group at the entrance to the pocket, mimic an analogous part of a true endogenous SF-1 ligand and its specific interactions with the receptor. The extensive contacts between the receptor and the longer C16/C18 pair of acyl chains suggest that this fatty acid chain configuration would be optimal for any putative SF-1 ligand. Indeed, phospholipids with acyl chains longer than C16/C18 would destabilize the receptor's active conformation and compromise the transcriptional activity of SF-1, as suggested previously (10) . Whether ligands with acyl chains shorter than C16/C18 might function as partial agonists, as predicted, remains to be determined at both the cellular and structural level.
Dynamic conformations observed in loops L2-3 and L11-12
Despite the overall similarity of the SF-1 LBDs, two surface loops, L2-3 and L11-12, connecting helices H2-H3 and H11-H12 deviate significantly between the compared structures (Fig. 4A) . The key structural element that controls binding of transcriptional regulators at AF-2 site is helix H12, which rests against helix H3 (Fig. 4B) . Because loops L2-3 and L11-12 might influence the positioning of the functionally important helix H12, and because both loops are positioned near the entrance to the ligand-binding cavity of SF-1 and in the vicinity of the solvent-exposed head groups of the phospholipids, we examined whether the nature of the bound ligand might control the conformations of these loops in different SF-1 structures. Unfortunately, available SF-1 structures are unable to provide strong evidence that the bound phospholipid ligand affects the conformational state of the LBD. Indeed, no direct contacts are found between the exposed phospholipid head and other regions of the receptor including loops L2-3 and L11-12. Furthermore, conformations of loops surrounding the entrance to the hormone pocket are identical in structures of mSF-1 bound by ligands that differ by both the exposed head and buried acyl chains (C16/C18 PG, 1YMT, salmon; and C16/ C16 phosphatidyl ethanolamine, 1YP0, pink in Fig. 4A ). In contrast, two noncrystallographically related human SF-1 LBDs with an identical bound phospholipid (PE, 1ZDT, silver and blue in Fig. 4A ) exhibit divergent conformations of loop L2-3. Collectively, these structural observations imply that various configurations of loops L2-3 and L11-12 in existing SF-1 structures are influenced mostly by intermolecular protein contacts favored by specific crystallization conditions and different crystal symmetry, as illustrated by the PC-bound SF-1 structure (Fig. 5B) .
Despite the fact that our structural analysis of PC-bound SF-1 was unable to establish a convincing allosteric link between the nature of the bound ligand and the observed conformational state of the SF-1 LBD, the dynamic nature of the SF-1 loops L2-3 and L11-12 is notable when taken in the context of the overall similarity of the superposed molecules. Moreover, the proximity of L2-3 and L11-12 to the bound ligand in the SF-1 structures suggests that these loops could be restructured in the presence of a proper ligand by directly interacting with its solvent-exposed head. Consistent with this idea, modeling experiments with phospholipids PIP2 or PIP3 position the inositol di-or triphosphate groups at the distance of direct interaction with both loop L2-3 and L11-12 (Fig. 6A) . In particular, in the model of PIP3 bound to SF-1 there are two NR5A-conserved histidine residues in loop L11-12, H440 and H442, which are positioned for direct interaction (ϳ3 Å) with the bound ligand through hydrogen bonding to the exposed phosphate groups of PIP3 (Fig. 6, A and  B) . Additionally, conserved flexible glycine G444 in the vicinity of these two histidine residues could accommodate different conformations of L11-12 for optimal contacts with the ligand. Based on these observations, we hypothesize that specific con- formations of loops L2-3 and L11-12 might favor binding of a true regulatory ligand that would influence SF-1 activity.
Impaired ligand exchange in SF-1 Loop L2-3 mutant
To test these structural predictions and to probe whether loops L2-3 and L11-12 participate in ligand binding, we carried out ligand exchange experiments with wild-type SF-1 LBD and variants containing mutations in loops L2-3 and L11-12. To begin with, we made use of a naturally occurring human missense point mutation R255L in loop L2-3. This mutation was identified in a heterozygous female patient exhibiting adrenal disease with apparent normal gonadal development (18) . To date, the only other human SF-1 mutation found in the LBD is in helix H11 (L437Q) and is predicted to destabilize the LBD and prevent ligand binding (19) . When mutation mR256L was introduced into mSF-1 (mR256L), this variant of SF-1 behaved similarly to wild-type SF-1 with respect to stability, solubility, and chromatographic behavior (data not shown). However, ligand exchange experiments showed that although both PIP2 and PIP3 ligands quantitatively replace the endogenously bound PG in wild-type SF-1 (Fig. 7, A, C, D , and E), binding of these phospholipids by the mR256L mutant is substantially reduced (as shown for PIP2 in Fig. 7B ). As predicted from the SF-1 LBD structure, no ligand binding or exchange was observed for a double-pocket mutant A270W/L345F under the same experimental conditions (supplemental Fig. 1 published as supplemental data on The Endocrine Society's Journals Online web site at http://mend.endojournals.org). This particular SF-1 mutant is not able to bind ligands because of bulky hydrophobic side chains introduced into its ligand-binding cavity, and, therefore, it was used as a negative control in our ligand exchange assays.
To address the role of the conserved residues in loop L11-12, the SF-1 LBD variant harboring mutations in the conserved histidine residues (H440D/H442D) was expressed and tested in the analogous ligand exchange experiments. Differences in the electrostatic properties and distinct elution profiles of wild-type and H440D/H442D mutant allowed us to directly compare the ligand exchange rates of these proteins with either PIP2 or PIP3 (Fig. 7, C and D) . Indeed, one is able to easily separate PIP2-or PIP3-bound species of wild-type SF-1 and the analogous species of L11-12 mutant protein using ion exchange chromatography, as shown in Fig. 7 , C and D. This direct comparison of wild-type and mutant protein revealed that introduction of negatively charged residues in loop L11-12 greatly diminished ligand exchange rates for both PIP2 and PIP3 (Fig. 7, C-E) . We noted that the exchange rate for phosphatidylinositol 3, 4, 5-triphosphate ͓PI(3, 4, 5)P3͔ was consistently lower than for PI(4, 5)P2 for the mutant protein. This result might reflect a potential steric clash or unfavorable electrostatic interactions between the 3Ј-phosphate group of PIP3 and the negative charges present in the H440D/ H442D mutant (Fig. 6A) .
The function of these L2-3 and L11-12 mutant SF-1 proteins also appeared to be diminished as evidenced by their inability to fully activate endogenous inhibin-␣, cytochrome P450 Cyp11A1, and steroidogenic acute regulatory (StAR) transcripts in JEG-3 cells (Fig. 8A) . Indeed, the H440D/H442D and the R256L mutants exhibited the lowest transcriptional activities, even when compared with the A270W/L345F SF-1 pocket mutant. Taken together, these data imply that inefficient ligand binding/exchange correlates with compromised transcriptional activity of SF-1, as shown here. Consistent with our conclusion, loss of ligand binding is predicted to account for the diminished activity observed for other SF-1 LBD mutants (7, 10) and may account for the endocrine disorder associated with the R255L human mutation (18) .
Summary
Here we provide biochemical and structural evidence that nonbacterial phospholipids readily exchange for bacterial ligands fortuitously bound to the SF-1 LBD. The ability to exchange exogenous phospholipids into the SF-1 hormone pocket and crystallize the ligand-exchanged SF-1 LBD is in contrast to other receptors, such as HNF4, which binds fatty acids constitutively (20) . Comparative analysis of all known SF-1 LBD structures reveals the dynamic nature of loops L2-3 and L11-12 surrounding the entrance to the receptor ligand-binding pocket. This observation suggests that a bound ligand might control the conformations of loops L2-3 and L11-12. Furthermore, specific residues in these loops might have evolved to accommodate binding of distinct phospholipids including phosphatidyl inositol phosphate ligands. Our finding that mutations in loop L2-3 and L11-12 greatly impair ligand exchange and reduce SF-1 transcriptional activity suggests that SF-1 must bind ligand efficiently for achieving optimal activity. These correlative data, together with the fact that the bacterial SF-1 ligand is easily replaced by nonbacterial phospholipids, and that the ligandexchanged PC-bound SF-1 LBD is stable and readily crystallizable, all strongly support the idea that regulatory, rather than fortuitous or structural ligands, exist for NR5A receptors.
Whereas the ligand-controlled stabilization of helix H12 in the AF-2 region is thought to be essential for achieving full agonist activity, recent studies suggest that partial agonists might affect other regions of the nuclear receptor LBD. In par- ticular, structural and kinetic analyses of PPAR␥ showed that the receptor's helix H3, which is adjacent to loop L2-3, dynamically responds to different bound ligands (21) . Moreover, structural analysis of LRH-1, a close relative of SF-1, demonstrates the importance of loop L11-12 for stabilizing a regulatory complex between LRH-1 and its functional corepressor Dax-1 (22) . Collectively, these findings show that other dynamic regions of the LBD must be considered when analyzing allosteric signaling by nuclear receptor ligands.
Thus, we hypothesize that the different conformations observed for L2-3 and L11-12 of SF-1 reflect a built-in ability of these loops to change their structure in response to physiological signals such as sensing the presence/absence of a bound SF-1 hormone.
What remains to be determined is whether distinct phospholipids and their exposed head groups differentially affect SF-1 function. Notably, mutations that prevent ligand binding but presumably stabilize the LBD structure result in a partially com- petent receptor that is able to activate endogenous target genes, as shown for the A270W/L345F SF-1 pocket mutant (Fig. 8A) .
The fact that L2-3 and L11-12 SF-1 variants exhibit lower transcriptional activity than the described pocket mutant is consistent with the idea that loops at the entrance to the receptor pocket indeed control binding of ligands. The lower activity of these mutants could be explained by their compromised ligand binding in the absence of compensatory, stabilizing hydrophobic interactions within the ligand pocket that are present in the SF-1 pocket mutant A270W/L345F. These comparative data also suggest that the solvent-exposed portion of the phospholipid and/or the specific configurations of loops coordinating a bound ligand could modulate SF-1 activity beyond the basal level of a structurally stabilized receptor. Whether the configurations of loops L2-3 and L11-12 are simply required for efficient ligand binding/exchange or whether these loops participate in other aspects of SF-1 function (e.g. influencing recruitment of coregulators) remains to be established. Clearly, further structural studies of SF-1 bound to additional phospholipids including PIP2, PIP3, and phosphatidic acid should reveal whether distinct phospholipids alter the conformation of SF-1 LBD and affect its function as true regulatory ligands.
Materials and Methods
Protein purification and ligand exchange mSF-1 LBD construct and purification protocol were described earlier (7). PC was purchased from Avanti Polar Lipids (Alabaster, AL); PI (4)P, PI(5)P, PI(4,5)P2, and PI(3,4,5)P3 were purchased from Cayman Chemical Co. (Ann Arbor, MI). Preparation of the PC liposome and liposome-mediated ligand exchange were performed as described earlier (7) . For ligand exchange experiments comparing wild-type, R256L, and A270W/A345F mutant proteins, individual phospholipids ͓(PC, PI(4,5)P2 or PI(3,4,5)P3͔ were solubilized in water, and each phospholipid was mixed with 2 mg of purified wild-type or mutant mSF-1 LBD at a 1:5 molar ratio. For a more quantitative ligand exchange analysis comparing wild-type and H440D/H442D mutant proteins, a molar ratio of 1:2 was used. The SF-1/phospholipid mixtures were incubated with liposomes overnight at room temperature and then purified using G25 HiTrap column (GE Healthcare Bio-Sciences Corp., Buckinghamshire, UK). For the final purification, proteins were loaded on the MonoQ column in the buffer containing 20 mM HEPES (pH 7.4) and 1 mM EDTA and eluted with a gradient of ammonium acetate. Ligand content of all proteins was verified by nondenaturing mass spectrometry analysis as described earlier (7).
AlphaScreen-based peptide binding assay
All peptides (PGC-1␣: EEPSLLKKLLLAPA; Dax1-3: QGSILYSLL-TSAQ; SRC-2: LLEKHKILHRLLDKDDTKD) were purchased from Bio-Synthesis, Inc. (Lewisville, TX) The His 6 -tagged SF-1 LBD proteins with either bacterial PG or nonbacterial phospholipids bound were prepared as described above. Buffer consisting of 50 mM MOPS (pH 7.4), 50 mM NaCl, 10 mM dithiothreitol, 0.1 mM BSA, and 0.05 mM CHAPS was used throughout the procedure. Biotinylated Dax1-3 peptide was incubated overnight at 4 C with the His 6 -SF-1 protein (ϳ400 nM) at molar ratio of 1:1. Solutions of competing PGC-1␣ and SRC-2 peptides in dimethylsulfoxide (0.001-500 nM) were added to 50 nM of this preincubated protein; dimethylsulfoxide was used as a control. After incubation for 2 h, the mixture of donor and acceptor beads (PerkinElmer AlphaScreen His 6 -tag detection kit; PerkinElmer Corp., Wellesley, MA) was added to the samples, and the fluorescence was measured using the AlphaQuest-HTS (PerkinElmer) machine according to the manufacturer's protocol. 
